Introduction
The transmission mode of symbionts is a key factor to predict their virulence [1] [2] [3] . In the case of vertical transmission, when symbionts pass from mother to offspring and the fitness of both host and symbiont are linked, low virulence levels and even mutualistic traits are favoured [4] . Contrariwise, in the case of horizontal transmission, high virulence levels can be maintained if a high multiplication rate promotes symbiont transmission [3, [5] [6] [7] . The transmission mode is thus pre-eminent in the virulence expressed by a symbiont towards its host. However, it is not the only force that shapes the virulence phenotype of a symbiotic association. Indeed, some vertically transmitted endosymbionts have deleterious effects on host fitness. For instance, the a-proteobacterium Wolbachia, highly prevalent in arthropods, can reduce host fitness due to both (i) reproductive manipulations such as male-killing, feminization or cytoplasmic incompatibility [8] [9] [10] [11] and (ii) negative impacts on life-history traits such as body size [12] , male fertility [13] , survival [14] and fecundity [15] . These negative impacts can be at least partially balanced by benefits on other traits. Indeed, Wolbachia can protect their hosts against pathogens such as viruses [16, 17] and bacteria [18] . Wolbachia has thus more diverse impacts on host phenotype than its well-known reproductive manipulations. The fact that Wolbachia affects many life-history traits & 2017 The Author(s) Published by the Royal Society. All rights reserved.
of their hosts is certainly linked to their wide distribution in host organs [19] : Wolbachia not only colonizes the gonads for vertical transmission but many somatic organs as well, resulting in a systemic infection [20] .
In many cases, Wolbachia thus acts as 'Jekyll and Hyde', exhibiting both beneficial and parasitic traits [21, 22] . The ability to express both types of traits may result from antagonistic constraints acting on the symbionts at different scales. For instance, an increased multiplication rate may confer a fitness advantage in the context of within-host competition for resources, but a disadvantage at the between-host level, as the cost due to symbiont proliferation may impede symbiont vertical transmission [1] . At the within-host level, vertically transmitted symbionts can therefore respond in a 'shortsighted manner' [23] : while vertical transmission ensured by mild oocyte colonization is the main distal 'goal', the proximal interests of Wolbachia can lead to an intense competition in somatic organs, especially in long-lived host species. Considering these aspects, we can predict that facultative vertically transmitted endosymbionts such as Wolbachia, by experiencing opposite constraints at different scales, can change their virulence in only a few generations, depending on the preeminent constraints. Such phenotypic changes could derive from phenotypic plasticity and/or a selection process leading to the emergence of new favourable phenotypes.
Phenotypic plasticity and/or a rapid adaptive ability are skills also required to successfully transfer between host species. Wolbachia is the most widely distributed facultative bacterial endosymbiont reported to date (more than 50% of arthropod species are estimated to be infected [24] ). This wide host range relies on both efficient vertical transmission and occasional horizontal transfers, as revealed by non-congruent phylogenies between Wolbachia and their hosts [25] [26] [27] . In order to thrive and be vertically transmitted in a new host species (i.e. a new environment), Wolbachia needs (i) to tolerate environmental variations and/or (ii) to adapt rapidly (change tissue tropism, multiplication rate, etc.). Experimental demonstrations of Wolbachia's ability to cope with new environmental conditions result from transinfection experiments mimicking natural host switching [28] . Some experiments also demonstrated an unexpected tolerance of Wolbachia towards stressful conditions by performing successful plant-mediated horizontal transmissions [29] and by maintaining live Wolbachia in synthetic liquid medium outside of their host cells for at least a week [30] .
To date, it remains challenging to determine whether the ability of Wolbachia to face novel environmental constraints derives from an inherent phenotypic plasticity and/or from genetic polymorphisms within Wolbachia populations that selection can act upon. Nonetheless, it is known that Wolbachia genomes evolve quickly [31] [32] [33] and recent selection experiments in Drosophila melanogaster infected with the pathogenic Wolbachia strain wMelpop demonstrated that (i) genetic polymorphism in a Wolbachia population within a single host does exist, and (ii) changes in the genetic composition of a Wolbachia population can arise quickly, depending on the nature of selection [34] . Fast-evolving Wolbachia have been reported in different host species, suggesting that Wolbachia strains may be considered as populations of diverse haplotypes with changing frequencies over time, which may lead to changes in the resulting extended phenotype [35] [36] [37] .
In this paper, we study the changes in the extended phenotype expressed by Wolbachia in its host (including titre change in different organs and virulence) when being constrained to horizontal transmission, while vertical transmission is impaired. To achieve this, the association between the terrestrial isopod Armadillidium vulgare and its native feminizing Wolbachia (wVulC) constitutes an appropriate model for three reasons: (i) successful horizontal transfers of Wolbachia between adults are performed easily [28, 38, 39] ; (ii) A. vulgare lives for years in symbiotic interaction with Wolbachia, thereby providing an opportunity for strong within-host competition, especially when considering the high Wolbachia titres reported in this host species [39, 40] ; and (iii) Wolbachia infects all tissues of A. vulgare, including haematopoietic organs and haemocytes [40] [41] [42] [43] [44] . This systemic Wolbachia infection, sustainable through years, could potentially result in specialized subpopulations of Wolbachia in the different tissues. Although such a specialization has not yet been formally demonstrated, tissue-specific Wolbachia titres have been revealed, indicating tissue-specific constraints that may lead to different Wolbachia phenotypes within a single host [39, 40] . The higher transinfection efficiency of Wolbachia colonizing haemocytes compared with those isolated from oocytes further supports this hypothesis [42, 43] . Several studies suggest that the haemolymph could therefore represent a privileged path for Wolbachia horizontal transmission between terrestrial isopods [42, 43, 45] . By isolating Wolbachia from ovaries (i.e. the subpopulation predicted to transmit vertically) and subjecting them to horizontal passages through serial haemolymph transfers between infected and uninfected individuals, we monitored the response of normally vertically transmitting Wolbachia when confronted with a new dominant and controlled transmission mode. We show that wVulC can be turned into a true pathogen against its native host after only a few horizontal passages. These results demonstrate the ability of Wolbachia to phenotypically respond to a new constraint by increasing its virulence in a situation where winning the within-host competition might be more beneficial for horizontal than for vertical transmission.
Material and methods (a) Biological models
All A. vulgare used in this experiment were reared as previously described [15] . In these laboratory conditions, A. vulgare can live for up to 2 years. Recipient hosts used in the experiments were from a Wolbachia-free (i.e. 'asymbiotic') lineage derived from a population collected at Heraklion (Greece) in 1989. Individuals from a lineage naturally infected with the wVulC strain (i.e. 'symbiotic' lineage) derived from a population sampled at Helsingor (Denmark) in 1991 were used as Wolbachia donors to initiate the infection.
(b) Serial passages of Wolbachia
To initiate the serial passage experiment, we injected four independent batches of five 1-year-old asymbiotic A. vulgare females: three batches were injected with ovary suspension (i.e. tissue rich in Wolbachia for vertical transmission [46] ) from five A. vulgare symbiotic females, in order to create three replicate experimental lines (A, B and C; electronic supplementary material, figure S1 ). The fourth batch was injected with ovary suspension from five asymbiotic individuals as a control line without Wolbachia. We independently prepared each of the four inoculate suspensions as previously described [47] . The three wVulC-positive inoculates were quantified by quantitative PCR (see below), and the respective doses injected to the animals were 1. for line C. B0-injected animals were then kept for 30 days under the laboratory rearing conditions. From passage P0 to P8, horizontal transmissions of wVulC were performed using 2 ml of haemolymph from Bn 2 1 donors. To do so, we pierced the cuticle of each donor using a sterile needle and collected 10 ml of haemolymph infected with Wolbachia using a micropipette. For each experimental line, haemolymph collected from donor females was pooled in a 1.5 ml microtube and kept on ice to limit coagulation. We injected 2 ml of the collected haemolymph to each recipient individual of the next passage (Bn þ 1) as previously described [47] . Newly infected individuals were then reared for a maximum of 45 days (electronic supplementary material, figure S1 ).
(c) Mortality of injected Armadillidium vulgare across serial passages
Mortality of injected individuals was recorded immediately before the next passage, at day 45, for B1 -B4 (electronic supplementary material, figure S1 ). For B5 and B6, we recorded the mortality every week for 45 days post-injection (PI). Then, in B7 and B8, due to the earlier mortality for these batches and the necessity to keep some individuals alive to perform the next passage, we recorded mortality every week for 35 days PI (electronic supplementary material, figure S1 ).
(d) Tissue sampling, DNA extraction and Wolbachia quantification
We dissected each donor under a binocular microscope after 45 (P1-P6) or 35 days (P7 and P8) PI, immediately after having performed the next passage, to sample the ovaries (i.e. tissue for vertical transmission) and the nerve cord (i.e. nerve cells and neighbouring adipocytes: tissues known to be highly colonized by wVulC [40, 47] ). A subsample of the haemolymph (i.e. tissue used for next horizontal passage) was also kept for wVulC quantification. We extracted total DNA from each inoculate and tissue sample as described in [48] , and assessed DNA concentration and quality (ratios OD 260/280 and 260/230 nm) using the Nanodrop 1000 spectrophotometer (Thermo). We measured the Wolbachia titres in each inoculate and tissue of injected individuals by qPCR (LightCycler 480 Roche) using specific primers targeting 205 bp of the single-copy Wolbachia surface protein gene (wsp) as previously described [47] . The total DNA quantity (i.e. host þ Wolbachia DNA) of each sample was used to normalize the wsp gene copy number (i.e. wsp copies per ng of total DNA).
(e) Visualization of Wolbachia in haemocytes of injected individuals by fluorescence in situ hybridization For each experimental line (i.e. A, B and C), we collected and pooled haemolymph from donors after 45 (P1 -P6) or 35 days (P7 and P8) PI. A 2 ml fraction of this pool of haemolymph was used to visualize Wolbachia in the haemocytes using fluorescence in situ hybridization (FisH), as previously described [49] . The number of haemocytes and their Wolbachia colonization status were counted on 10 random fluorescence microscopy images per experimental line and for each horizontal transfer, using IMAGEJ v. 1.45 software [50] .
(f ) Bacterial community profiling using temperature gradient gel electrophoresis
The haemolymph of A. vulgare is known to contain a high bacterial diversity, although Wolbachia is always the predominant taxon [40, 44] . Therefore, we verified whether other bacteria might have been sustainably co-transferred with Wolbachia during the serial horizontal passages. To this end, we obtained microbial community profiles from the haemolymph samples of the donors at each passage (i.e. the same haemolymph samples also used to quantify the Wolbachia titre at each passage) using temperature gradient gel electrophoresis (TGGE). A 196 bp fragment of the variable region V3 of the bacterial 16S rRNA gene was amplified using a nested PCR approach: first, a 795 bp fragment was amplified using primers 27F and 786R [51] , followed by a second amplification targeting the V3 region using primers 338F-GC and 520R [52, 53] . Primer 338F contained a 42-nucleotide GC-clamp preventing the complete denaturation of the DNA strands during TGGE [52] . TGGE was performed using the DCode Universal Mutation Detection System (Bio-Rad) following a protocol modified from Dittmer et al. [53] . Briefly, 20 ml of the final PCR products were run across a temperature gradient from 38 to 708C (ramping of 28C h
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) at 95 V on 10% polyacrylamide gels. Three replicates of a standard containing V3 16S rRNA gene fragments from several reference bacteria (Bacillus megaterium, Escherichia coli, Listeria ivanovii, Micrococcus luteus, Salmonella typhimurium and Wolbachia spp.) were loaded onto every gel to allow the standardization of bands between gels and the visual screening of Wolbachia infection across all samples. After electrophoresis, gels were stained with ethidium bromide and photographed under UV. A total of 19 bands were cloned and sequenced (two replicates from different samples if a band occurred in more than one sample and four Wolbachia bands from different passages). These bands were excised from the TGGE gels and incubated in 70 ml of sterile water at 608C for 1 h and at 48C for 4 h to elute the DNA. Five microlitres of each eluate were then used as PCR template, using the same primers for the V3 region as above but without the GC-clamp for primer 338F. Purified PCR products were cloned into competent E. coli JM109 using the pGEM-T Easy Vector Systems kit (Promega). Sixty-two recombinant clones were sequenced on an ABI 310 sequencer (Applied Biosystems) and the 16S rRNA gene sequences were identified using BlastN searches against the non-redundant nucleotide database (http://blast.ncbi.nlm.nih.gov).
(g) Statistical analyses
All statistical analyses were performed using R v. 3.3.2 software. The Wolbachia titres in the different tissues as well as the proportion of infected haemocytes and the mortality rates for all injected individuals of each experimental line across horizontal transfers were analysed with a non-parametric Kruskal -Wallis rank-sum test followed by a Dunn post hoc test, proportional odds ordinal logistic model and parametric Welch t-test. Survival curves were compared using a general mixed-effects Cox model with randomized block effect (coxme function in kinship package).
Results (a) Changes in Wolbachia titres in Armadillidium vulgare
tissues across horizontal passages figure 1b(ii) ), but still no difference in Wolbachia titre between the three experimental lines for each passage ( proportional odds ordinal logistic model with lines as covariate; W ¼ 2.0493, d.f. ¼ 2, p ¼ 0.3589). Interestingly, while the average Wolbachia titre increased by 50-fold between P1 and P5 in the haemolymph, here the average Wolbachia titre only increased by 11-fold. However, we still observed a positive correlation with the number of horizontal passages (Spearman's test across P1-P5: S ¼ 7388.9, r ¼ 82.26%, p 0.0001). As observed for the haemolymph, no correlation between Wolbachia titre and the number of passages was found for the last three passages (P6-P8) (Spearman's test across P6-P8: figure 1b(iii) ). Moreover, as for the haemolymph, titres were generally lower compared with P5, reaching titres similar to those previously observed at P2 (Kruskal-Wallis test;
Unlike the haemolymph and the nerve cord, the ovaries of the donors exhibited a more random variation in Wolbachia titre across passages ( figure 1c(i)-(iii) ). Although we observed significant differences between the passages when considering only the first five passages (P1-P5) (Kruskal-Wallis test; figure 2(iii) ). Specifically, the proportion of infected haemocytes was around 15% after the initiation of infection (P0) and increased to 43% after P1 (figure 3a), a proportion similar to that observed in vertically infected animals [41] . At P2, the percentage of infected haemocytes increased to 61% (figure 3b) and finally reached 98-100% from P3 to P8, with some haemocytes exhibiting a cytoplasm densely colonized by Wolbachia ( figure 3c,d ). (d) Wolbachia was the only dominant bacterium throughout the serial horizontal passages TGGE profiles of the V3 region of the bacterial 16S rRNA gene revealed eight different bands across the 26 haemolymph samples (electronic supplementary material, figure S2 ). The band corresponding to Wolbachia (according to its position on the gel compared with the Wolbachia band in the standard) appeared as the predominant bright band in all samples except for line C at P7 (electronic supplementary material, figure S2 ). All other bands were comparatively faint and none of them was observed in all samples (electronic supplementary material, figure S2 ). These results indicate that no other predominant taxa had been systematically co-transferred with Wolbachia. This result was further supported by Sanger sequencing of cloned 16S rRNA gene fragments from excised TGGE bands, because 86% (51 of 59) of high-quality sequences were most similar to Wolbachia (95-100% sequence identity; data not shown). The remaining sequences were similar to two other bacterial taxa: Pseudomonas sp. (97-100% sequence identity), a bacterium known to be naturally present in the haemolymph of A. vulgare [44] , as well as Paracoccus sp.
(98-100% sequence identity).
Discussion
Wolbachia is certainly the most widespread endosymbiont in arthropods, with more than 50% of species estimated to be infected [24] . Despite being mainly vertically inherited, we now have both experimental and phylogenetic evidence for its ability to extend its prevalence by switching horizontally from one host to another [25] [26] [27] . In this paper, we investigated the response of Wolbachia to the constraints of recurrent horizontal transmission events while vertical transmission was impaired.
To this end, we performed serial passages of Wolbachia using haemolymph transfusion from Wolbachia-infected A. vulgare to uninfected individuals. Serial passages represent a classic method in the study of host-parasite systems originally used to establish new associations more experimentally tractable than natural ones. However, serial passage experiments performed with parasites such as viruses or fungi mainly resulted in a rapid increase in parasite virulence towards novel hosts, often preventing further utilization of the newly formed associations [54] [55] [56] [57] . As all parasites used in these previous studies exhibit horizontal transmission as their dominant transmission route, this important increase in virulence may seem in discordance with theoretical predictions because these parasites should have already been selected for an optimal virulence under horizontal transmission pressures before serial passages [1, 58] . However, the observed rapid increase in parasite virulence across serial passages can be linked to the protocol used to perform horizontal transmission that does not mimic the natural path of infection efficiently. Indeed, in serial passage experiments, the parasites are usually sampled during the exponential phase of infection, sometimes even before symptoms appear [58] . This experimental procedure places the parasites under a strong constraint (i) to reproduce rapidly and (ii) to increase their virulence at the same time. In this situation, serial passages induce a disruption of the trade-off between transmission and virulence, which maintained an optimal moderate virulence in the ancestral association [1] .
The above illustrates that serial passage experiments are an appropriate means to assess Wolbachia's ability to cope with a sudden change of transmission mode. Wolbachia clearly differs from other 'parasites' previously investigated using similar experimental approaches. In our experiments, the symbionts (i) had not previously evolved under the dominant pressure of horizontal transmission because they are mainly vertically transmitted, (ii) are not strictly parasites of their native host (i.e. their virulence is low in the donors) because wVulC exhibits both negative and beneficial traits [14, 18] , and (iii) are not transferred to a novel host species but remain in their native host, A. vulgare. After only a few horizontal passages, an increase in wVulC titre was observed in several tissues. Specifically, the Wolbachia titre increased in both the haemolymph (tissue used for the horizontal transmissions) and the nerve cord. In addition, both the proportion of infected haemocytes and the Wolbachia titre in the haemolymph were found to increase in correlation with the number of passages based on FisH and qPCR. This dramatic increase in Wolbachia in haemocytes suggests an ability of this endosymbiont to specifically target and multiply in the tissue responsible for its artificial transmission mode. The nerve cord also exhibited an increase in Wolbachia titre across the passages but at a lower magnitude compared with the haemolymph. In contrast with the haemolymph, this tissue is not directly involved in horizontal transmission of Wolbachia. However, haemocytes are frequently trafficking into the nerve cord, which may lead to coinciding infection patterns of both tissues [43] . The Wolbachia titre remained quite stable in the ovaries, the tissue for vertical transmission. As the reproduction of isopods takes at least a month, it was not possible to assess whether vertical transmission was impacted by serial horizontal passages.
Along with the increase in Wolbachia titre, host mortality also increased dramatically across experimental passages. From B1 to B6, host mortality gradually reached an experimental plateau at 80-90%. While mortality was clearly correlated with the Wolbachia titre in haemocytes from B1 to B6, this was no longer the case for the last two passages (B7 and B8), where mortality was still very high, although the injected 'dose' of Wolbachia was lower than before. These results demonstrate that Wolbachia virulence was clearly higher in the latter passages. Moreover, the weekly monitoring of mortality from B5 to B8 demonstrated obvious changes in the timing of mortality. For instance, the same injected dose caused no host mortality during the first week PI in B5, while at least 40% of hosts died during the first week PI in B8. These results clearly demonstrate that the increase in mortality observed throughout the serial passages was not only linked to a higher injected dose of Wolbachia, as previously reported in the case of interspecific transfers of wVulC from A. vulgare to Porcellio dilatatus [42] , but to a change in virulence of wVulC towards its native host A. vulgare across serial passages. This dramatic change in virulence forced us to stop the experiment after 1 year due to the lack of survivors to perform further passages. Considering the diverse bacterial community known to infect A. vulgare [44, 59] , it is important to note that Wolbachia was the only stable dominant taxon present throughout the serial passages based on TGGE profiles and sequencing of cloned 16S rDNA gene fragments. Therefore, it can be concluded that no other dominant bacteria had been co-transferred with Wolbachia and could be responsible for the observed mortality of A. vulgare.
Our experiments demonstrate that Wolbachia can readily cope with new environmental constraints, as already suggested by their ability to experimentally switch from one host species to another [28] . The mechanisms allowing Wolbachia to respond rapidly to environmental changes have not been investigated here and we can only hypothesize on this matter. To manipulate the reproduction of their hosts, Wolbachia has to be able to communicate with its host's cells [19] . They might also be able to adjust their gene expression in response to cellular perturbations. Therefore, epigenetic changes could provide Wolbachia with enough plasticity to face the 'stress' of horizontal passage and may result in an increase in symbiont multiplication, thereby resulting in higher virulence. An alternative hypothesis would be that the changes in Wolbachia virulence through serial passages result from a selection of alleles conferring a better adaptation to horizontal transmission (e.g. higher multiplication rate in haemocytes). Different genotypes of Wolbachia in the population hosted by the donors could be the source for the observed phenotypic changes. In this scenario, the most competitive Wolbachia genotypes found in the haemolymph are those selected throughout the serial passages. These highly competitive genotypes might be virulent towards A. vulgare because, due to the serial passages experiment, the transmission of Wolbachia is less dependent on the long-term survival of the host, and virulence can thus increase dramatically.
Although the mechanism underlying the phenotypic change of wVulC has not been investigated in our study, this serial passages experiment provides a clear demonstration that Wolbachia is able to rapidly and deeply modify its virulence. This observation strengthens the important plasticity and/or adaptive ability of these bacteria and the importance of symbiont transmission mode in the virulence resulting from the interaction. Here, the versatile wVulC, which can have both negative (lower brood size, decreased survival [14, 15] ) and beneficial impacts ( protection against pathogenic bacteria [18] ) on its native host A. vulgare, exhibits a rapid increase in virulence when vertical transmission is disrupted and horizontal transmission becomes its exclusive transmission path. This ability of Wolbachia to rapidly modify the nature of its interaction with its host is probably a key feature explaining the impressive adaptive radiation of Wolbachia in arthropods through horizontal transfer.
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